Physical, technical, managerial, and environmental factors are all known to influence non-revenue water (NRW) volume, so a better understanding of these factors is important if we are to intervene in water loss problems more effectively. This study therefore identified determinants of NRW for a water utility in California by applying fixed effects panel regression analysis incorporating uncertainty. Network length, connection density, and net operating revenue per cubic meter of water sold were found to be negatively correlated with NRW while a positive relationship between number of leaks and NRW was identified. These findings will inform the water utility's management team/ decision-makers regarding the specific impacts of NRW's critical factors and guide them to focus on these factors to further reduce NRW as well as set long-term benchmarks.
INTRODUCTION
Water loss from distribution networks is becoming a serious problem for natural resource management worldwide, especially given the impact of changing climate (Kanakoudis & Tsitsifli ; van den Berg ) . The high cost of water production and delivery is also ensuring that utilities pay more attention to water loss issues (González-Gómez et al. ) . According to the World Bank, more than $14 billion is lost every year by water utilities around the world due to water loss (Kingdom et al. ) . Ultimately, the financial burden of this inefficiency is borne by paying customers (AWWA a). As one of the major challenges water utilities are facing, the problem of water loss requires a solid and effective management strategy built on a fundamental understanding of the influencing factors (Kanakoudis & Tsitsifli ) .
According to a survey carried out in 2012 across 48 cities in both Organisation for Economic Co-operation and Development (OECD) countries and emerging economies, in well-operated water utilities in OECD countries, water loss can be as high as 37%, while in developing countries this can climb to 65% (OECD ). This suggests that it is not simple to reduce the volume of lost water even in highly developed countries (Thornton et al. ; Wu the lack of incentives for management units, the defense of private interests due to corruption, the lack of awareness of citizen-users of the water service, and the lack of political willingness were the main causes. In a similar vein, van den Berg () conducted a study covering the period between 2006 and 2011 for utilities in 69 countries via a regression analysis. One of the main findings of this study was that the key drivers of water losses were largely outside the control of the utilities. Connection density, population served per connection, size of the network, opportunity cost of water losses, staff productivity, and metering were some of the factors found to be having an impact on NRW levels. The same researcher then went on to apply the same methodology to a larger data set with similar results, confirming that the key drivers of water losses were at least partly linked to the physical characteristics of the water supply system (van den Berg ).
The first objective of this study was therefore to examine the relationship between three types of NRW indicator, namely NRW as percentage of SIV, NRW per connection, and NRW per network length, using the data set for a water utility in California. According to the literature survey summarized above, it is clear that there remains a substantial knowledge gap regarding the key factors affecting NRW. Thus, the second objective of this study was to identify the determinants of NRW for a California water utility. For most water utilities, collecting accurate data on water production and use has long been an issue because of metering/accounting inaccuracies, so uncertainty in the NRW data must also be integrated into the panel regression in the context of nonparametric uncertainty distributions. 
METHODOLOGY Data
The data considered in this study were obtained from company-specific files and databases covering the period from 1998 to 2014 for all the individual metered districts of Cal Water. During the study period, some connections were still unmetered in several Cal Water districts, which makes acquiring accurate water use data for these districts challenging and they were therefore eliminated from the study.
NRW data may also be subject to uncertainty because of possible errors in measuring water production and metered water sales data. However, as Cal Water has been conducting a long-term sales meter repair/replacement program, it is expected that the sales data for Cal Water's metered districts will be fairly accurate. Districts depending primarily on purchased water as a water source are also expected to have reasonably precise production data since wholesale water agencies tend to have accurate water metering. However, the production data for districts utilizing groundwater supply are of unknown accuracy. Since water losses in California are generally low, typically less than 10%, it was decided to use data known to be the most accurate to ensure that the analytical results would not be interpreted incorrectly due to questionable data quality. As a result, only the data for five districts where more than 80% of the distributed water was purchased were considered in this study.
The data used for this study are considered to be panel data as they contain time series observations of a number of individual water districts (Hsiao ) . This means that the NRW data structure involves two dimensions: a crosssectional dimension and a time series dimension (Tanverakul & Lee , ) . Since some of the districts do not have data for some years, the study data set consists of a total of 76 year-district combinations.
Explanatory variables
The network length (NETLEN as km of network) is a known factor affecting leakage. Previous studies have indi- In addition to the physical characteristics of the system, utility management practices and financial performance may have an effect on NRW (Güngör-Demirci et al. a, b).
A measure of financial management of the utility, defined as the difference between operating revenue and operation and maintenance cost per cubic meter of water sold (NET_OPREV), is therefore also included in the model. An inverse relationship between this variable and NRW is expected since access to greater financial resources increases a utility's ability to deal with NRW (van den Berg , ). 
Regression model specification
For the purposes of this study, a fixed effects panel regression model was applied to the data set. The fixed effects model attempts to control for unobservable factors among each district by assigning unique time-invariant identifiers. A simplified form of a fixed effects model is as follows (Hsiao ):
where y it is the dependent variable observed for district
for each district (i.e., N entity-specific intercepts); x it is the independent variable; β is the coefficient for that independent variable; and μ it , is the error term. In this case, the intercept value, α i , depends on omitted factors specific to each district i that are possibly correlated with the chosen independent variables, x it . Any time-invariant variables that may have an effect on NRW are thus absorbed into the intercept term. The error term, μ it , represents effects from unique district factors that were not accounted for or are uncorrelated with identified independent variables. In this study, district heterogeneity is assumed to have an influence on water loss, hence a fixed effects model is adopted.
In addition, Hausman test was performed to justify the adoption of fixed effects model over random effects model 
Uncertainty in NRW indicator
As mentioned earlier, NRW data may suffer from uncertainties due to possible errors in water production and/or sales measurement. Since the uncertainty in production numbers directly affects the NRW indicator, it was deemed necessary to consider involved uncertainty in the regression analysis.
Although only five districts with accurate production data were selected for inclusion in this analysis, it was considered possible that even these data may be subject to error to a certain extent. Based on discussions with Cal Water engineers, a ±5% uncertainty was assumed to be present.
In the proposed fixed effects panel regression model (Equation (2)), the objective is to find values for all the coefficients β 1 through β 4 (i.e., the deterministic model).
As we are considering the intrinsic uncertainty of NRW_CON_DAY, Equation (2) becomes the stochastic model in which all coefficients (β 1 through β 4 ) are to be estimated. In this study, nonparametric uncertainty distributions for NRW_CON_DAY are utilized in order to account for the inherent metering uncertainty. This is accomplished by synthetically generating random numbers for each of the 76 year-district combinations by assuming that the error bounds follow a normal distribution (Loganathan & Lee ) . Hence, the total number of NRW_CON_DAY (dependent variable) combinations considered in Equation (2) is 7,600. The mean value of the randomly generated hundred NRW volume data is equal to the annual NRW volume data obtained from Cal Water files for each district; the standard deviation of these hundred data points is 5%. Figure 1 shows a graphical representation of the NRW volume data distribution for two sample districts.
RESULTS AND DISCUSSION
Cal Water's water balance using IWA standard
The water loss volume in a network can be estimated by conducting the IWA Water Balance Standard. that the majority of the water losses in the four districts are real losses. However, it should be noted that the water balance estimation can be subject to error since it is based on several assumptions, as explained above. 
Fixed effects model
The results for a fixed effects panel regression model applied to the panel data set with embedded uncertainty and with NRW measured by NRW_CON_DAY are shown in Table 3 . All variables are statistically significant and the overall fit of the model (i.e., R 2 value) is 0.40.
Having a negative correlation between NRW_CON_DAY and NET_LEN is an unexpected result based on the literature findings. Normally, the opposite is deemed more likely as the larger networks will have more probability to leak. However, for our data set, there is a significant linear relationship between NET_LEN and number of connections. Although having longer network with more connections physically means more possibility of having leakage, it also shows the financial capability of a utility to deal with NRW as more connections generally mean more revenue. In our case, NET_LEN is a measure of the size of the districts as it is correlated with the NO_CON.
When the size of districts gets bigger, the financial capability to deal with NRW increases due to economies of scale. At present, Cal Water's maturity level, approach, and management of NRW is evolving from an ad hoc state to one that is more optimized. The utility is committed to managing water as a precious resource that is vital to the communities and customers they serve. Cal Water is also enhancing the business processes that support their Water Audit and Loss Control Program. These improvements will provide a more accurate picture of the components that make up NRW, including unbilled authorized consumption, apparent losses, and real losses. With the ongoing research efforts, the utility will be able to optimize their efforts to efficiently and effectively reduce NRW. Cal Water continues to test and calibrate production meters and routinely replace customer meters. Water loss stemming from water system leakages has been controlled through the utility's Main Replacement Program and by implementing timely main break repairs. NRW will continue to be closely monitored in the future and improvements to the utility's infrastructure renewal program, business processes, maintenance practices, and technology will be considered and applied to optimize the overall management of water supply and delivery. 
